The Thyrotropin receptor antibody (TRAb) is the main driver of Graves' disease (GD) and its most common extra-thyroidal manifestation: thyroid eye disease (TED). Though key to diagnosis, it has not been used routinely as a marker of disease activity or to guide treatment. Here we demonstrate, through a retrospective review of 105 patients with TED, that serial TRAb levels vary with time, correlate with disease activity and are affected by smoking and endocrine control. Such serial measurements can guide the modern management of thyroid eye disease, helping to prevent the more serious manifestations. We show that surgical thyroidectomy is associated with a reduction in antibody levels and a reduced rate of TED reactivation when compared to radio-iodine ablation where the stimulating antigen is not removed. This provides a molecular explanation for epidemiological studies showing radio-ablation being associated with an increased risk of orbitopathy. To demonstrate the effect of our clinical approach on a patient population, we then compared the incidence and severity of TED in a clinic in a period before and after the introduction of serial TRAb measurements. Despite an increase in disease incidence and severity at presentation over the two-decade study period, our approach saw a significant reduction in the need for surgical intervention for this orbital disorder.
Introduction
Graves' orbitopathy (GO) is an autoimmune disorder affecting the orbits and is responsible for significant morbidity and reduced quality of life [1] . Current evidence suggests the incidence of GO is declining in Europe, however, there is a paucity of epidemiological data; estimates vary from 1.6/100,000 to 42/100,000 in various epidemiological studies [2, 3] .
Perhaps unique for an autoimmune disease, TED is a self-limiting inflammatory disorder, with a time course of around 2 years from onset [4] . Management decisions are therefore predicated on understanding when the disease is active and in its inflammatory stage, for this is when immunomodulatory intervention will be effective [5] . This period is also when any intervention likely to stimulate the disease, such as thyroid gland ablation, should be avoided to prevent exacerbation.
The most widely used tool for assessing disease activity is the clinical activity score (CAS) [6] , but it has been criticised as overly simplistic, with alternative more complex scoring systems being proposed to replace it [7] . As we show elsewhere in this issue, imaging approaches by which to quantify TED, such as MRI with T2-weighted relaxation times (Das, personal communication), are emerging but not universally available [8] . CT imaging has the associated risk of radiation, making serial assessments potentially dangerous. Recently, a therapeutic study sought to use changes in proptosis as an indicator of efficacy [9] . However, proptosis has not generally been considered a reliable measure of activity or severity between patients or for individuals over time.
There remains therefore an unmet clinical need for a more sensitive marker with which to ascertain disease activity, stratify risk for individual patients as well as monitor response to treatment and to guide further interventions.
The TSH Receptor Antibody (TRAb) was discovered over half a century ago [10] and is thought to play a key role in the pathogenesis of TED. Using the most recent assays, thyroid-stimulating immunogloblulins (TSI) can be detected in virtually all patients with Graves' orbitopathy [11] [12] [13] . These autoantibodies are known to correlate closely with the CAS and to be predictive of the course of disease [14] [15] [16] [17] . To determine whether they might prove a helpful biomarker of disease, we sought to study the relationship between TED activity and TRAb levels, and to determine the effect of definitive endocrine interventions and smoking status on patients' TRAb profiles over time.
We routinely test TRAb levels in every TED patient at every visit to our clinic using a standardised and commercially available kit (Elecsys® Anti-TSHR, Roche Diagnostics, Switzerland). This allowed us to conduct, retrospectively, a review of three-year serial TRAb levels in all our 105 patients seen in an 8-year period. The data was analysed by subsets of characteristics including severity, smoking status and method of definitive endocrine control.
TRAb as a potential marker of activity and severity TRAb levels have previously been shown to be associated with disease severity and to act as a predictor of orbitopathy in most [14, 15] but not all studies [18] . To confirm such a correlation for our clinic population we plotted the TRAb levels of 105 patients as measured at first presentation against their CAS score (Fig. 1) . The patients in our clinic had an average age of 52 years ± 12.5 (range: 13-78) with a 4:1 female to male ratio. Eight patients (8.4%) suffered with other associated autoimmune diseases and 16% had a family history of an endocrine disorder. Figure 1 shows a strong positive correlation between initial TRAb levels and CAS score at presentation (Fisher Exact Test, p < 0.0001) in keeping with the results of other studies. To evaluate other markers of disease activity we also compared MRI T2-weighted scoring and found a positive correlation with CAS scores (p < 0.0001) at presentation. However there was none found when comparing CAS with the level of proptosis (p = 0.37) (data not shown). This suggests that the former are suitable surrogate markers for therapeutic trials, whilst proptosis should not be used to indicate response to treatment.
TRAb changes over time and the effect of smoking
Previous studies have measured TRAb levels in individual patients at variable time points during their disease and only over a limited period. Such data has then been used to extrapolate for prediction of disease course; TRAb levels below 5 iu/L are reported as conferring a significantly better chance of a benign course, compared with levels above 8 iu/ L where there is an up to 31-fold increased risk of orbitopathy [14] .
Many centres do not see value in measuring serial TRAbs in patients once the diagnosis is established [19] . Perhaps uniquely, we have collected serial data longitudinally on every patient over the past 8 years as part of our routine clinical work-up, spanning the time from initial presentation and diagnosis through potential definitive endocrine control and eventual disease resolution-a period usually lasting around 3 years. To determine whether serial TRAbs can act as a marker of disease activity, we plotted the results for individual patients over time. Figure 2a shows that in non-smokers, TRAb levels normalise with a mean of 18.5 ± 6.5 months, approximating to the disease course as described by the Rundle's curve.
Our patient cohort also contained 27% smokers at presentation. Smoking is recognised to increase the risk of developing orbitopathy fourfold [20] and affects its severity [21, 22] and response to treatment [23, 24] . We therefore analysed the results by smoking status (Fig. 2b) ; normalisation of TRAb levels in this group was delayed by a year with an increased average time to normalisation of 32.5 ± 8.5 months. This is the first study to demonstrate prolonged persistence of TRAb in smokers with GO, hinting at a potential immunological cause for recurrence of GD and GO. It also re-enforces the importance of smoking cessation advice in patients with GO. Fig. 1 Clinical activity scores at presentation plotted against initial TSH Receptor antibody levels in 105 patients attending a dedicated Thyroid Eye Clinic. Analysis shows a strong correlation between the activity score and the titre (Fisher's exact test. R 2 = 0.92; p < 0.0001)
TRAb and lessons for definitive endocrine control
In addition to smoking, another risk for worsening orbitopathy is radio-iodine ablation (RAI). 131I therapy for GD carries a risk of around 15% for development of de novo orbitopathy in the absence of steroids [25] . In contrast, a large epidemiological study covering more than 8404 patients with GD demonstrated that surgical thyroidectomy confers a very significant (74%) reduced hazard ratio for the development of orbitopathy [26] compared to radioablation. Early thyroidectomy has also been shown in a randomised controlled trial to result in lower GO activity and a higher rate of disease inactivation [27] . In our patient cohort, a number of patients had definitive endocrine control by either surgery or RAI, giving us the opportunity to study the effect on TRAb levels. Figure 2c shows that after surgical thyroidectomy, the six patients' TRAb levels normalised on average at 7.2 ± 3.3 months. In comparison, in the eight patients who received RAI (Fig. 2d) , the mean time was delayed by around 5 months to 12.6 ± 6.6 months. Furthermore, two patients (25%) of those receiving RAI developed recurrent orbitopathy, mirrored by a rise in TRAb level despite steroid cover.
That surgical thyroidectomy with steroid cover resulted in no instances of recurrence of orbitopathy-and was coupled with a good recovery of the TRAb to normal levels -provides insight into the possible underlying pathogenic mechanism responsible for the superiority of surgical thyroidectomy seen in the epidemiological studies.
Our results also suggest an at first paradoxical management strategy for patients with thyroid orbitopathy: opting for surgical thyroidectomy even in those who are euthyroid Fig. 2 a, b Serial TRAb data collected over 3 years in 105 patients separated into non-smokers (a) and the 27% who were smokers (b). Normalisation of TRAb levels was delayed by over a year in the smokers (mean time to normalisation 32 months vs 18 months for nonsmokers). c, d Serial TRAb data collected in a period immediately after definitive endocrine control with either surgical thyroidectomy in 6 patients (c) or radio-iodine ablation in 8 patients (d). Normalisation of TRAb levels occurred rapidly in the first group (7.2 ± 3.3 months). In comparison, post-radio-iodine, the mean time was delayed to 12.6 ± 6.6 months. The latter also saw an exacerbation of orbitopathy in two patients (25%), both smokers, mirrored by a rise in their TRAb levels or hypothyroid. Speculatively, a reduction in the availability of TSH-R antigen after surgical removal helps to reduce the antibody drive, something which would not be expected to occur with gland destruction where antigen is likely to be released more.
Treatment with ciclosporin: clinical effect of immunosuppression on TRAb
Whilst TRAb levels can be used to chart disease progression, we hypothesised that they would also be responsive to immune-suppression and useful in monitoring the success of such treatments. Figure 3 shows a representative example of an individual patient with active and moderately severe thyroid eye disease who was treated with low dose oral prednisolone (30 mg/day) and Ciclosporin A for a short period. The TRAb levels are seen to respond quickly with a significant and sustained reduction to around 8 iu/L compared to the 9 month period before, when levels remained consistently above 30 iu/L. The absence of a rebound phenomenoneven with early cessation of treatment-is encouraging and has been reported previously [28] .
In our clinic, we favour the use of ciclosporin A as a steroid sparing agent; already in 1983 it was shown to produce a rapid restoration of function with improvements in motility, visual acuity and proptosis [29] . Since then two large randomised controlled studies [28, 30] as well as multiple case series [31] [32] [33] [34] have shown its benefits for a subset of TED patients. Despite its efficacy, the drug is still not widely used as it has a narrow therapeutic index (with risk of nephrotoxicity, hypertension, gum hypertrophy and hirsutism). Ideally it therefore requires a dedicated and experienced multidisciplinary team to closely monitor patients whilst on treatment.
Effect of serial TRAb measurement on overall clinical outcomes
Stepping away from the individual patient, we wondered if our approach of measuring serial TRAb levels could have an appreciable effect on the overall community we serve. We therefore performed a retrospective review of the medical records of all GO patients referred to a specialist ophthalmic service between the years of 1997 and 2016. The mean age of the study population was 50.5 ± 13.2 years with a 3:1 M:F ratio. 2013 saw the introduction of a dedicated multidisciplinary GO service when serial TRAb measurements also began. In the "olden times," between 1997 to 2012, the incidence of thyroid eye disease was calculated as 2.7/100,000. 49% of patients then had moderate to severe disease whilst the remaining 51% had mild disease (using the EUGOGO grading system). After the change in service provision, "modern times" from 2013 to 2016, the incidence of thyroid eye disease increased to 7.6/ 100,000. Unexpectedly, rather than earlier detection of milder disease, patients now presented with more severe initial manifestations: 56% had moderate disease, 2% had severe and only 42% had mild disease. Despite this increase in incidence and severity, there was a significant decrease in those requiring late surgery (p < 0.005). We believe that being able to respond to changes in TRAb levels before worsening manifestations become apparent, or avoiding treatments for those in whom TRAbs are raised, has helped to reduce the burden of disease in our community: prevention of exacerbation, rather than cure. Fig. 3 Serial TRAb level data collected in a single patient with Graves' disease and later orbitopathy over a period of a year. Due to progression to moderate, active TED, treatment with glucocorticoid and ciclosporin A was started 9 months into the disease and ciclosporin discontinued after 6 weeks due to intolerance of side-effects (ciclosporin treatment shown by red bar). Even during this short interval, there is a rapid and sustained reduction in the measured TRAb levels Discussion Serial TRAb levels can inform the overall management as well as the timing of interventions in TED, reducing morbidity both at the individual and clinic population level. The modern clinical management of TED should be focussed on the prevention of complications; avoidance rather than treatment of severe orbitopathy. We suggest that serial TRAb measurements can help to guide treatment decisions and reduce the need for orbital surgery. Changing levels of autoantibody also provides a molecular underpinning for the epidemiological evidence linking smoking and RAI to worse disease. We demonstrate much prolonged persistence of TRAb in smokers with TED; and compared to RAI, thyroidectomy resulted in a faster normalisation of TRAb and no recurrences of TED.
These results complement the previous literature but have the advantage of being comprehensive; other studies have measured TRAbs in smaller groups or during a limited interval-not from the initial presentation to resolution in an entire cohort with TED as shown here. Our findings may also affect future trial design: whilst TRAb levels and MRI changes were found to correlate with clinical activity at presentation, proptosis did not, casting doubt on its applicability as a clinical or therapeutic trial marker. In TED, proptosis can occur either in active disease due to glycosaminoglycan deposition and oedema, but also secondary to adipogenesis in chronic disease [35] . Put another way: proptosis can increase as activity decreases.
The results presented are limited by the retrospective nature of the design and the fact that as a relatively small clinic running with serial measures only since 2013 means that the number of patients undergoing radio-ablation or surgical thyroidectomy in the TED cohort, is necessarily small. Furthermore, there have been significant developments in the measurement of TRAbs since that time, with stimulating and inhibitory components now frequently measured independently. Not all such tests are equally sensitive [36] . We therefore plan to repeat this study in a much larger neighbouring hospital centre where serial TRAbs have been measured consistently for longer and in a larger cohort of around 450 patients.
Overall, these data demonstrate the applicability of serial TRAb measurements for the bespoke management of individual patients. This allows for risk stratification to inform prognosis, smoking cessation, to guide thyroid gland treatment options, and monitor immunosuppression, thereby reducing morbidity. As TRAb levels have also been implicated in other thyroid-related orbitopathies, such as Hashimotos, serial measures may be helpful in the management of this condition also [37] .
